INTRODUCTION {#SEC1}
============

Ribosomes produce proteins by translating the sequence of an mRNA into the amino acid sequence of a protein. To make a protein that is encoded by a given open reading frame (ORF) of an mRNA, the ribosome has to select the correct AUG codon to start translation, ensure the collinearity of the mRNA and the protein sequences during translation elongation, and terminate translation at a stop codon marking the end of the ORF. Cells have evolved sophisticated control mechanisms that ensure fidelity of each translation phase. However, in special cases, signals encoded in an mRNA reprogram the ribosome to read the message in an alternative way, a phenomenon called translational recoding. In this review, we will focus on three types of recoding: (i) stop-codon readthrough; (ii) ribosome frameshifting and (iii) translational bypassing (Figure [1](#F1){ref-type="fig"}).

![Three types of recoding events. Translational readthrough extends the polypeptide C-terminally allowing the production of two protein isoforms from the same transcript. Frameshifting produces typically two functional polypeptides from different reading frames of the same mRNA. Bypassing is a recoding event that synthesizes one protein from two open discontinuous reading frames.](gkz783fig1){#F1}

During translation elongation, the mRNA is decoded with the help of aminoacyl-tRNAs (aa-tRNA) that are delivered to the ribosome in complex with an elongation factor (EF-Tu in bacteria or eEF1 in eukaryotes) and GTP. The ribosome selects the tRNAs according to the match between the mRNA codon and the tRNA anticodon. Failing to discriminate against incorrect aa-tRNA results in missense errors of translation. Generally, the fidelity of decoding is very high, with a frequency of missense errors in the range from \<10^−7^ to 10^−4^ per codon depending on the type of mismatch and the position of the amino acid in the protein ([@B1]). At the end of the open reading frame, stop codons (UAA, UAG and UGA) are recognized by termination (release) factors (RF1 and RF2 in bacteria or eRF1 in eukaryotes). The frequency of occasional readthrough is low, \<10^−4^ per stop codon ([@B5],[@B6]), which can increase dramatically, up to 0.1--0.3, when induced by sequence and structural elements in the mRNA and by *trans* factors ([@B7]). Missense and nonsense errors are mistakes of decoding. After peptide bond formation, the ribosome moves along the mRNA to read the next codon in a tightly orchestrated process of translocation. In order to produce a correct protein, the ribosome must be translocated by exactly one codon at a time. Failing to maintain the correct reading frame results in ribosome frameshifting in -- or + direction. Depending on the conditions, frameshifting errors can occur during decoding or translocation. The frequency of spontaneous frameshifting is rather low, i.e. \<10^−5^ ([@B10]). Signals in the mRNA provide a context in which frameshifting is greatly enhanced, which is referred to as programmed ribosome frameshifting (PRF). The efficiency of PRF can vary in a wide range between 0.5% and 80%, depending on the organism and the frameshifting sequence (for reviews, see ([@B13])). Finally, translational bypassing is a recoding phenomenon that produces a single protein from a discontinuous reading frame. Bypassing is a post-decoding event that requires multiple signals in the mRNA. In the following, we will discuss the mechanisms of each of these recoding events in light of the recent progress of biochemical, kinetic and structural studies.

TRANSLATIONAL READTHROUGH {#SEC2}
=========================

Stop codon readthrough can result from decoding of a stop codon as a sense codon by a near-cognate tRNA. Natural tRNAs that are prone to readthrough usually have an anticodon that has a single mismatch upon pairing to a stop codon, such as tRNA^Gln^, tRNA^Tyr^, tRNA^Cys^ or tRNA^Trp^ ([@B17]). Translational readthrough is widely employed by viruses to expand the coding potential of their limited genome ([@B7],[@B18]). Readthrough does not alter the translational reading frame, but rather extends the polypeptide C-terminally allowing the production of two protein isoforms from the same transcript. The C-terminal extension can carry cellular localization signals or homo/heterodimerization domains or alter the function of the protein such as its ligand-binding properties (Table [1](#tbl1){ref-type="table"}).

###### 

Examples of translational readthrough (RT) in genes from different kingdoms of life

                              Protein                 RT %        Function of RT isoform                           References
  --------------------------- ----------------------- ----------- ------------------------------------------------ -------------------
  Viruses                                                                                                          
  Coliphage Qβ                Minor coat protein A1   5%          Formation of infectious particles                ([@B20],[@B27])
  Tobacco mosaic virus        Replicase               10--35%     RNA polymerase domain                            ([@B18],[@B142])
  Sindbis virus               nsP4                    10%         Viral replication                                ([@B28],[@B143])
  Luteoviruses (BYDV, BWYV)   Coat protein                        Virus transmission                               
  MuLV                        Gag-pol                 5%          Replication by gag-pol fusion protein            ([@B146],[@B147])
  Bacteria                                                                                                         
  *B. subtilis*               SacB levansucrase                   Modification of enzymatic properties             ([@B148])
  Eukaryotes                                                                                                       
  *S. cerevisae*              PDE2                    0.5--2.2%   Proteasome dependent degradation                 ([@B149])
  *U. maydis*                 PGK                                 Peroxisomal Targeting Signal 1                   ([@B150])
  A. nidulans                 GAPDH                               Peroxisomal Targeting Signal 1                   
  Rabbit                      β-globin                                                                             ([@B151])
  Vertebrates                 MPZ                     14%         Role in myelination                              ([@B154],[@B155])
  Mammals                     VEGFA                   7--25%      Antiangiogenic activity                          ([@B8])
                              MTCH2                   13%                                                          
                              AGO1                    24%                                                          
                              OPRL1                   31%                                                          ([@B21])
                              OPRK1                   13%                                                          
                              MAPK10                  14%                                                          
                              AQP4                    7%                                                           
  Human                       LDHB MDH1               1.5--5%     Peroxisomal Targeting Signal 1                   ([@B57],[@B156])
                              VDR                     6.7%        Reduced transcriptional response to calcitriol   ([@B157])

The minimal mRNA sequence motif that modulates readthrough is comprised of the stop codon (nt +1, +2, +3) and its context from nt --2 to +9 (Figure [2](#F2){ref-type="fig"}). The propensity for readthrough is lowest on the UAA and highest on the UGA codon ([@B21]). The 5′ context of stop codons shows a non-random distribution of nucleotides in *Escherichia coli* and in humans ([@B25]). The presence of two adenines at positions --1 and --2 favors readthrough ([@B26]). The presence of a cytidine at position +4 (C+4) is associated with leaky termination in various organisms, in particular on UGA codons ([@B20],[@B27]); notably, UGA C or UAG C are rare in mammals ([@B32]). The effect of bases other than C+4 varies between the three stop codons ([@B6],[@B32],[@B33]). The nucleotides +4 to +6 in the context of UGA-CUA or UGA-CGG induce readthrough in a number of viral and eukaryotic genes ([@B21],[@B22],[@B34],[@B35]). In several cases, the mRNA context up to nt +9 can modulate readthrough ([@B9],[@B36]). For example, in the Tobacco Mosaic Virus (TMV) replicase gene, the consensus sequence CARYYA (R, purines; Y, pyrimidines) triggers readthrough at all stop codons ([@B37]).

![Factors affecting translational readthrough in eukaryotes. *Cis* factors that affect readthrough include sequences upstream of the stop codon (light gray), the identity of the stop codon (red-orange), the +4 nucleotide (blue) and the downstream sequences that occupy the mRNA channel (green). Distal *cis* element includes downstream mRNA secondary structure. Among several *trans* factors that affect readthrough, the specific case of hnRNP A2/B1 is depicted. hnRNP A2/B1 promotes readthrough by binding to a *cis* element in the 3′ UTR of mammalian gene *VEGFA*. A, P and E depict the three stable tRNA-binding sites. SSU, small ribosomal subunit; LSU, large ribosomal subunit.](gkz783fig2){#F2}

The structural basis for sequence effects in readthrough is unclear. Recognition of stop codons by RFs is achieved by sequence- and shape-specific recognition of the three nucleotides of the stop codons (nt +1 to +3) and, in eukaryotes, of the adjacent nucleotide +4 ([@B38],[@B39]). Nucleotides +4 and +5 are involved in stacking interactions with rRNA bases around the decoding center, which are more stable with purines than pyrimidines ([@B38],[@B39]). This might suggest that C or U at positions +4 and/or +5 decrease the stability of the decoding complex and interfere with the compaction of the mRNA in the A site, which is a hallmark of stop-codon recognition by eRF1 in eukaryotes ([@B38]). Although the details of stop codon recognition differ between bacteria and eukaryotes, there are indications that adenosines in positions +4 and +5 interact with the 16S rRNA, which might account for the reported context bias in prokaryotes ([@B40]).

In addition to the immediate context, more distal stimulatory 3′ *cis* elements involving mRNA structures regulate readthrough in several viral and eukaryotic mRNAs ([@B7],[@B41]). For example, an 80-nucleotide sequence downstream of the stop codon in the *Drosophila hdc* gene forms a stem--loop (SL) structure that stimulates readthrough ([@B45]). *Cis*-acting RNA structures can modulate readthrough by (i) interfering with release factor recruitment to the ribosome; (ii) modulating ribosome function by interacting with ribosomal proteins or rRNAs; (iii) inducing ribosome stalling or (iv) recruiting *trans* factors ([@B7],[@B8],[@B46]). We note that the sequences downstream of stop codons evolved to limit the negative consequences of leaky termination, as in-frame stop codons are significantly over-represented immediately downstream of the primary stop signal, which ensures termination in close proximity of the correct end of the ORF ([@B36]).

In addition to elements in the mRNA, several *trans* factors may influence the efficiency of termination by various mechanisms. For example, readthrough of the mammalian vascular endothelial growth factor A (VEGFA) mRNA is facilitated by the heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 that binds the hnRNP A2/B1 recognition element (A2RE) in the termination region ([@B8]) (Figure [2](#F2){ref-type="fig"}). Recently, eIF3 was proposed to promote readthrough at all three stop codons in leaky context by preventing eRF1 from recognizing the third position of the stop codon ([@B47]). Depletion of termination factors eRF1 and/or eRF3 results in increased levels of readthrough in humans independent of the codon context ([@B48],[@B49]). The \[Psi^+^\] strain of *Saccharomyces cerevisiae* exhibits the epigenetically inherited prion state of termination factor eRF3 where translation termination is compromised. In these strains, eRF3 forms amyloid fibrils that sequester a part of the release factor pool ([@B50]). The abundance and properties of tRNAs also influence readthrough efficiency ([@B17],[@B53],[@B54]). For example, the relative abundance of the major tRNA^Gln^ isoacceptor with the 5′-UUG-3′ anticodon compared to the minor tRNA^Gln^ with 5′-CUG-3′ in *S. cerevisiae* explains why glutamine is preferentially incorporated at UAA compared to UAG, despite the same non-conventional G-U base pairing that forms upon decoding. The modification of the tRNA bases within the anticodon or in its vicinity affects its ability to read stop codons ([@B34],[@B55]).

The prevalence of readthrough varies between organisms. Analysis of the stop codon contexts of 12 *Drosophila* species and ribosome profiling studies suggested potential readthrough in several hundred *Drosophila* genes ([@B44],[@B56]). However, similar genomic analyses and profiling studies of human genes have so far found only a few candidate genes ([@B44],[@B56],[@B57]). Computational analysis of readthrough protein isoforms suggests that these are mostly long, modular proteins with intrinsically disordered C-termini of low sequence complexity ([@B58],[@B59]). The lack of a structurally ordered C-terminus might provide conformational flexibility that allows the readthrough extensions to perform functions without distorting the native protein. The majority of readthrough genes identified in *D. melanogaster* have regulatory roles, and appending a functional C-terminal extension may confer conditional advantage to protein function.

In addition to readthrough by near-cognate aa-tRNAs, stop codons can be recoded by the specialized cognate tRNAs with an anticodon that is complementary to the stop codon, such as tRNA^Pyl^ or tRNA^Sec^ ([@B60],[@B61])~.~ Pyrrolysin and selenocysteine are natural proteinogenic non-canonical amino acids that are not encoded by a sense codon. Pyl-specific tRNA^Pyl^ reads the UAG stop codon, whereas Sec-specific tRNA^Sec^ reads the UGA codon ([@B61]). The Pyl trait is restricted to several microbes, mostly methanogenic archaea, which encode a tRNA^Pyr^ (*pylT*) and the dedicated aa-tRNA synthetase (*pylS*). Pyl-tRNA^Pyl^ is recognized by EF-Tu. Genome analysis of Pyl-containing organisms suggested that UAG is not a typical stop signal in Pyl-utilizing archaea and that Pyl insertion can effectively compete with translation termination for UAG codons obviating the need for specific mRNA structures that recruit tRNA^Pyl^ to a specific stop codon ([@B61]). In contrast to tRNA^Pyl^, tRNA^Sec^ is found in bacteria, archaea and eukaryotes. Sec is required for synthesis of a specialized group of proteins, selenoproteins. Sec-tRNA^Sec^ is delivered to the ribosome by the specialized elongation factor SelB (EFSec in eukaryotes), a GTP-binding protein that belongs to the family of translational GTPases ([@B65],[@B66]). The key element for recruitment of the SelB--GTP--Sec-tRNA^Sec^ to the stop codon on bacterial ribosomes is a selenocysteine insertion sequence (SECIS) in the mRNA, a SL structure located immediately downstream of the in-frame UGA codon at which Sec is incorporated ([@B67]).

Recent cryo-EM structures revealed how Sec-tRNA^Sec^--SelB--GTP is recognized by the ribosome ([@B68]) (Figure [3A](#F3){ref-type="fig"}). Because tRNA^Sec^ is cognate for the UGA codon, the codon--anticodon recognition initiates the same ribosome rearrangements as the canonical aa-tRNA--EF-Tu--GTP complex ([@B69]). This includes the domain movements of the SSU, GTPase activation of the factor by the interaction with the sarcin--ricin loop on the LSU and the accommodation of aa-tRNA on the LSU upon dissociation of SelB--GDP ([@B68]). However, some details of the interaction are Sec-specific. SECIS recruits SelB domain 4. The specific recognition of Sec-tRNA^Sec^ by SelB is achieved by interactions between unique regions in SelB with the extra-long variable arm of tRNA^Sec^ and the acceptor- and T-stems of tRNA^Sec^ ([@B68]). These elements distinguish tRNA^Sec^ from canonical tRNAs ([@B72]). Finally, the amino acid-binding pocket of SelB is lined with positively charged residues, allowing SelB to specifically recognize the negatively charged selenol group and to discriminate against Ser-tRNA^Sec^ ([@B68],[@B73]).

![UGA recoding by Sec-tRNA^Sec^. (**A**) Structure of the SelB--GTP--Sec-tRNA^Sec^ complex on the ribosome during recoding (modified from ([@B68])). The GTPase of SelB is activated by the sarcin--ricin loop (SRL) of 23S rRNA. (**B**) SECIS-mediated Sec insertion versus RF2-dependent termination at UGA. The Sec-tRNA^Sec^--SelB--GTP complex is rapidly recruited to the SECIS while still distant from the ribosome. Step 1: while the ribosome moves along the mRNA toward the UGA codon, the lower part of the SECIS becomes unwound and the Sec-tRNA^Sec^--SelB--GTP complex occupies the entry to the A site, thereby hindering the recruitment of RF2 to the stop codon. Step 2: after delivery of Sec-tRNA^Sec^ to the A site and Sec insertion into the growing peptide, the ribosome can recruit the next EF-Tu--GTP--aa-tRNA complex (gray) and continue translation. Alternatively (step 3), if Sec incorporation fails, the A site becomes accessible for RF2, which promotes termination and peptide release.](gkz783fig3){#F3}

The affinity of SelB--GTP for Sec-tRNA^Sec^ is very high, with a *K*~d~ in the picomolar range ([@B73]). Also, SelB binding to the SECIS is in the nanomolar range and is rapid (*k*~on~ = 10^8^ M^−1^s^−1^) ([@B74]). This implies that in the cell the Sec-tRNA^Sec^--SelB--GTP complex can bind to the SECIS before it enters the ribosome, thereby facilitating the recruitment of Sec-tRNA^Sec^ to the UGA codon preceding the SECIS. Although tRNA^Sec^ is recognized by the ribosome as a cognate aa-tRNA ([@B68],[@B71]), the efficiency of Sec incorporation is only about 40%, whereas 60% of the ribosomes terminate translation with the help of RF2 ([@B75]). Why some translating ribosomes incorporate Sec and others do not, remains unclear. Surprisingly, RF2 does not act as a direct competitor of Sec, but rather terminates translation on the ribosomes that failed to incorporate Sec. It is possible that when the ribosome arrives at the UGA, the SECIS-bound Sec-tRNA^Sec^--SelB--GTP blocks the entrance of RF2 to the A site (Figure [3B](#F3){ref-type="fig"}). However, if the attempt to deliver Sec is unsuccessful, the interaction of SelB with the SECIS will be lost eventually, thereby freeing the access for RF2 to the stop codon. Alternatively, conformational heterogeneity of translating ribosomes and the folding-unfolding dynamics of the SECIS may define the preference for Sec binding on one fraction of ribosome complexes, whereas the other fraction favours RF2 ([@B75]).

SPONTANEOUS AND PROGRAMMED RIBOSOME FRAMESHIFTING {#SEC3}
=================================================

The propensity of the ribosome for spontaneous frameshifting depends on the stability of the codon--anticodon complexes. Early studies suggested that in solution even fully matched codon--anticodon complexes dissociate very rapidly, at 3--6 s^−1^ ([@B76]). In the A site of the ribosome, the dissociation is much slower, about 0.2 s^−1^ ([@B77]). However, when these stabilizing ribosome interactions are released during translocation, the tRNA may unpair from the mRNA within the time of translocation and thus the inherent stability of the codon--anticodon complex may be insufficient to hold the tRNA in frame. At mRNA sequences where tRNA pairing with its 0-frame codon is favored over --1 or +1 alternative frames, transient loss of base pairing may be unimportant, because even if the anticodon dissociates from the anticodon, the 0-frame codon is the most likely target for it to rebind. However, when the mRNA sequence is 'slippery', i.e., allows tRNA base pairing with the codon in the --1- or +1-frame, the loss of interactions with the codon, together with the movements of the elements of the SSU that occur during translocation, may result in frameshifting. A recent crystal structure of a translocation intermediate formed in the absence of EF-G indeed shows that the interactions of the ribosome with the codon--anticodon complex are disrupted and the A-site tRNA in the complex is shifted by one nucleotide toward the --1-frame of the mRNA ([@B78]) (Figure [4](#F4){ref-type="fig"}). In comparison, in crystal structures obtained in the presence of EF-G, residues at the tip of domain 4 of EF-G interact with the A-site tRNA and prevent it from shifting ([@B79]). The interacting residues at the tip of EF-G domain 4, H583 and Q507 (*E. coli* numbering), are known to play a key role in translocation ([@B80]).

![Reading frame maintenance during translocation. Positions of the P- and A-site tRNAs in the intermediate state of translocation in the presence and absence of EF-G (left panel) and the schematics illustrating the movement of the tRNA anticodons toward the --1-frame in the absence of EF-G (right panel) (reproduced from Zhou, J., Lancaster, L., Donohue, J.P. and Noller, H.F. (2019) Spontaneous ribosomal translocation of mRNA and tRNAs into a chimeric hybrid state. *Proc. Natl. Acad. Sci. U.S.A*., **116**, 7813--7818 ([@B78]) with permission). Complexes depicted in the schematics are from ([@B79]) with EF-G and from ([@B78]) without EF-G and contain a different sets of tRNAs in the A and P sites.](gkz783fig4){#F4}

In contrast to spontaneous frameshifting, which produces non-functional polypeptides, PRF typically leads to the synthesis of a functional polypeptide from an altered frame. PRF was initially identified in viral genomes, where it plays an important role in viral propagation by modulating synthesis of viral proteins in specific stoichiometric ratios ([@B81],[@B82]). Examples of --1PRF were found in all three domains of life ([@B83]). In eukaryotes, frameshifting can regulate the stability of an mRNA. After a frameshifting event, the translating ribosome soon encounters an out-of-frame stop codon, causing premature termination of translation and thereby recruiting the machinery of the nonsense-mediated decay pathway ([@B86]).

In most cases, --1PRF is facilitated by two regulatory elements in the mRNA sequence, a slippery site and a secondary structure element (a pseudoknot, a SL or a kissing loop) at a precisely defined distance of 5 to 9 nt from the slippery site ([@B15],[@B89]). The mRNA structure element stalls the ribosome, which facilitates slippage ([@B14],[@B92]). --1PRF can be also facilitated by binding of miRNAs ([@B86]) or proteins ([@B93]) to the sequence following the slippery site. Recent mechanistic studies suggested that despite the great variety of the frameshifting sequences, --1 frameshifting follows one of two main pathways ([@B97]) (Figure [5](#F5){ref-type="fig"}). One route is predominant under translation conditions where the tRNAs that read the slippery sequence codons are abundant. In this case, frameshifting occurs at the late stage of translocation, with two tRNAs moving through the ribosome, and requires the presence of the stimulatory element within the mRNA sequence. The other route is favored at conditions of aa-tRNA limitation and occurs via one-tRNA slippage of the P-site tRNA when the A site is vacant; its efficiency is independent of the downstream mRNA stimulators. The latter mechanism is often called 'hungry' frameshifting, because it can be triggered by aa-tRNA limitation due to starvation ([@B106]).

![Mechanism of --1PRF. Under conditions where aa-tRNAs are abundant (blue box), --1PRF takes place during the late stage of translocation by two-tRNA slippage (the P- and A-site tRNAs are shown in magenta and blue, respectively). Aa-tRNA limitation (yellow box) causes translational pausing that leads to the one-tRNA slippage of the P-site tRNA. X XXY YYZ is the sequence of the slippery site; abc and Zab are codons following the slippery site in 0- and --1-frames, respectively.](gkz783fig5){#F5}

The detailed insights into the kinetic mechanism of translocation-dependent --1PRF came from ensemble and single molecule kinetic studies on 1a/1b mRNA of the avian infectious bronchitis virus (IBV) and dnaX mRNA from *E. coli* ([@B97],[@B98],[@B102],[@B104]). Despite differences in sequence and structure in those mRNAs, frameshifting proceeds by a very similar mechanism. The frameshifting motif of the 1a/1b mRNA consists of a slippery site U~1~ UUA~4~ AAG~7~ encoding Leu (UUA) and Lys (AAG) in 0-frame followed by a pseudoknot ([@B109]). The dnaX frameshifting motif has the slippery site A~1~ AAA~4~ AAG~7~ encoding two Lys (AAA and AAG) in 0-frame preceded by a Shine-Dalgarno-like sequence and followed by a SL ([@B110]). In both cases, the role of the downstream secondary structure element is to slow down the late stages of translocation ([@B97],[@B98],[@B102],[@B104]). At this point the ribosome is stalled in a rotated or even hyper-rotated state in which the stabilizing contacts between the ribosome and the codon--anticodon complexes are disrupted, which allows the tRNA to sample alternative reading frames ([@B78],[@B102],[@B111]). Both the dissociation of the E-site tRNA and the backward rotation of the ribosomal subunits are slow, but the E-site tRNA is released before the ribosome rotates backwards ([@B102]). EF-G, which usually restricts the A-site tRNA in the 0-frame position ([@B78]), can also dissociate prior to the completion of translocation ([@B102]). When both EF-G and the deacylated tRNA have been released, a single tRNA in transit from the A to the P site may be particularly prone to frameshifting ([@B78]). There are two ways to resolve the metastable stalled state, either by spontaneous unwinding of the mRNA secondary structure element that hinders the progression of the ribosome, which would allow the ribosome to resume its progression in the 0-frame, or by slippage in the --1 direction ([@B97]). The latter scenario may be kinetically advantageous because this would move the base of the pseudoknot to the entrance of the mRNA tunnel where the helicase center of the ribosome can actively unwind the mRNA secondary structure ([@B112],[@B113]).

The choice of frameshifting pathway on the dnaX mRNA is dictated by environmental conditions, i.e. the availability of nutrients (Figure [5](#F5){ref-type="fig"}). However, there are cases where both pathways are constitutive. One prominent example is the gag-pol mRNA of human immunodeficiency virus type 1 (HIV-1). Here, the function of --1PRF is to produce viral structural proteins (Gag, 0-frame) and enzymes (Gag-Pol, --1-frame) at a defined ratio ([@B114]). The gag-pol mRNA contains the slippery sequence U~1~ UUU~4~ UUA~7~ encoding Phe (UUU) and Leu (UUA) in 0-frame followed by a SL ([@B114]). The --1 frameshifting efficiency in HIV-1 is modulated by the availability of the Leu-tRNA^Leu(UAA)^ isoacceptor that is rare in CD4^+^ T-lymphocytes---cells infected by the virus in the human host ([@B99]). When tRNA^Leu^ is abundant, it is rapidly accommodated at its cognate codon UUA, and --1PRF takes place during the late stage of translocation by two-tRNA slippage of tRNA^Phe^ and tRNA^Leu^. The frameshifting scenario changes markedly when Leu-tRNA^Leu(UAA)^ is limiting. During the translation pausing due to the 'hungry' UUA codon in the A site, the P-site tRNA^Phe^ can slip into the --1-frame, which exposes a UUU Phe codon in the A site and bypasses the limitation for Leu-tRNA. Taking into account the low level of Leu-tRNA^Leu(UAA)^ in HIV-1 target cells and potential changes in tRNA profiles upon viral infection and interferon signaling activation ([@B115]), the alternative mechanism could act as a rescue pathway to allow for frameshifting under the limitation of the key tRNA ([@B99]). Most likely, HIV-1 has evolved to use both mechanisms to maintain the efficiency of --1PRF at the constant value, which is critical for viral replication and infectivity ([@B118],[@B119]). Rescue pathways regulated by tRNA availability may be operational in other viruses, as recent studies of --1PRF on the 6K mRNA of the alphavirus Semliki Forest virus (SFV) identified a very similar switch between frameshifting pathways, also operated by tRNA^Leu(UAA)^ ([@B100]).

Manipulation of the frameshifting efficiency opens new perspectives in developing antiviral therapies and controlling gene expression of cellular mRNAs ([@B120]). An intriguing example is the interferon-stimulated cellular protein Shiftless. --1PRF in retroviruses (HIV) and alphaviruses (SFV) seems to be suppressed by this protein, which is thought to bind to both the translating ribosome and the frameshifting mRNA motif by a mechanism that is not fully understood ([@B93]). Multiple attempts have been made to design synthetic drugs targeting the frameshifting motif of HIV-1 ([@B121]) and SARS coronavirus ([@B126]). Recently, Matsumoto *et al.* have developed a small-molecule tool that can induce pseudoknot formation and activate --1PRF both *in vitro* and *in vivo* in human cells ([@B127]). Such inducible --1PRF was previously reported for HIV-1 using PRF stimulation by antisense nucleotides ([@B91]) and can serve to control viral propagation and gene expression using small synthetic molecules.

TRANSLATIONAL BYPASSING {#SEC4}
=======================

Another remarkable example of recoding is translational bypassing, which involves skipping of a portion of the mRNA by the translating ribosome, leading to the production of one polypeptide from a discontinuous frame. Translational bypassing was first identified in gene *60* of bacteriophage T4 ([@B128]), which remains the best-studied example of bypassing, and was later found in the mitochondrial genome of the yeast *Magnusiomycetes* ([@B129]). The mRNA of gene *60* contains two open reading frames (ORF1 and ORF2) separated by a non-coding gap (Figure [6A](#F6){ref-type="fig"}). Chemical and enzymatic probing of the mRNA structure suggested that mRNA of both ORFs are highly structured, whereas the gap is largely unfolded and forms a module that is structurally independent of the two ORFs ([@B130]). The gap appears to represent a mobile genetic element inserted into the gene *60* mRNA to inhibit cleavage by homing endonuclease MobA ([@B131]). The ribosome translates the first 46 mRNA codons of ORF1 up to a GGA triplet coding for amino acid glycine. The subsequent codon is a stop codon UAG, but instead of terminating protein synthesis, the ribosome slides over a 50 nt-long non-coding gap, lands at a distal GGA codon and resumes translation to the end of ORF2 ([@B132]). Gene *60* mRNA elements that stimulate bypassing are located 5′ of the take-off site, in the take-off SL and 3′ of the landing site ([@B132]). Remarkably, the key bypassing signals, such as the take-off SL element and the matching take-off and landing codons, are present also in yeast mitochondrial bypassing mRNAs ([@B129]), suggesting a similar mechanism of bypassing to that in bacteriophage T4.

![Translational bypassing. (**A**) Schematic of gene *60* mRNA. The nascent peptide, the SL element upstream (5′ SL) and downstream (3′ SL) of the take-off site, as well as the take-off SL are key elements facilitating bypassing. (**B**) Structure of the nascent peptide in the exit tunnel of the ribosome (left panel) and of the short A-site SL (right panel) obtained by cryo-EM ([@B133]). Middle panel represents a cartoon of the ribosome at the take-off site. (**C**) Schematic of bypassing. For details, see text. Rotation of the SSU relative to the LSU is indicated by different shades of blue. The blurred cartoon represents the ribosome in motion.](gkz783fig6){#F6}

Recent biochemical, single molecule and structural work suggests how translational bypassing works. Translation of ORF1 is a non-uniform process: at the beginning, translation of ORF1 is rapid but then gradually slows down ([@B136]), probably because the ribosome has to unwind the secondary structure elements on its way along the mRNA. The ribosome pauses at the take-off GGA codon ([@B136]). To start bypassing, the ribosome requires the action of EF-G accompanied with GTP hydrolysis and a rotation of the ribosomal subunits relative to each other into an unusual hyper-rotated conformation ([@B137]).

The cryo-EM structure of the take-off complex reveals that the nascent peptide, which is known to be a key determinant for bypassing ([@B135]), forms numerous interactions with the polypeptide exit tunnel of the ribosome ([@B133]) (Figure [6B](#F6){ref-type="fig"}). These contacts help to hold the peptidyl-tRNA on the ribosome during sliding and likely contribute to the slow down at the take-off codon. In addition, the interactions of the nascent peptide residues with the ribosome lock an inactive conformation of the peptidyl transferase center, thus preventing the premature termination and readthrough at the take-off site.

Another remarkable feature of the take-off complex is a short dynamic SL formed by the mRNA in the decoding site of the SSU ([@B133]) (Figure [6B](#F6){ref-type="fig"}). The short SL hinders access of the translation termination factor or near-cognate aa-tRNAs into the A site ([@B133]). In addition, the SL serves as a mimic of an A-site tRNA to help EF-G to promote a pseudo-translocation event (Figure [6C](#F6){ref-type="fig"}). This displaces the P-site peptidyl-tRNA from its codon and starts ribosome sliding. As the ribosome moves forward, the mRNA upstream of the take-off site starts to emerge from the ribosome and can re-fold, thereby preventing backward sliding of the ribosome ([@B135]). The directionality of the ribosome movement may be also facilitated by cycles of EF-G binding and GTP hydrolysis ([@B137]). In fact, the kinetics of GTP hydrolysis by EF-G and bypassing are identical. EF-G appears to hydrolyze, on average, about 90 molecules of GTP for each ribosome that completes bypassing. Considering the length of the non-coding gap (50 nt), EF-G hydrolyzes on average 1.8 molecules of GTP per nucleotide of the sliding sequence. This GTP expenditure may be required to maintain the ribosome conformation that is prone to sliding or to facilitate the forward direction of sliding, similarly to the power-stroke action of EF-G in translocation ([@B138]). Although all ribosomes disengage from the take-off GGA codon and start sliding, only 50--60% of them synthesize the full-length protein, while the remaining ribosomes stop translation due to termination or spontaneous drop-off of the peptidyl-tRNA^Gly^ ([@B135],[@B136],[@B139]). At the end of the non-coding mRNA gap, the ribosome lands at the GGA codon guided by the 3′ SL in the mRNA downstream of the landing codon ([@B135]). The ribosome adopts a rotated conformation into which the next aa-tRNA accommodates ([@B135],[@B136]). After peptide bond formation and subsequent translocation, the ribosome returns into a canonical non-rotated state and resumes translation of ORF2.

CONCLUSIONS {#SEC5}
===========

Although at the first glance recoding events seem to be a heterogeneous group of different phenomena facilitated by specific regulatory elements, collectively they provide insights into the dynamic modes of translation. Comparison of aa-tRNA recognition during canonical decoding and UGA recoding by Sec-tRNA^Sec^ shows that the major key steps on the ribosome are identical ([@B68]). Specific recognition of Sec-tRNA^Sec^ and the discrimination against all other similar aa-tRNAs occur at the preceding, pre-ribosomal steps of Sec-tRNA^Sec^ recruitment to SelB and SECIS. This probably reflects the evolution of the ribosome as a universal decoder for all different tRNAs and mRNA codons, which relies on the geometry of the codon--anticodon complex, rather than on the structural specifics of each tRNA--codon pair. The mechanism of programmed readthrough is remarkably unclear, except for the fact that the near-cognate aa-tRNA and the RF must compete with each other. In contrast, comparison between canonical translocation, spontaneous and PRF and translational bypassing show common mechanisms underlying these processes. One general theme is the importance of ribosome dynamics. For example, the hyper-rotated state is found not only in ribosomes starting bypassing, but also during frameshifting ([@B111]) or in complexes stalled by the SecM peptide ([@B137]), suggesting that a hyper-rotated state may be a hallmark for stalled ribosomes resuming translation. Ribosome stalling is another important factor that defines the outcome of translation, as it regulates the efficiency of spontaneous and PRF, as well as bypassing. In these three cases, EF-G has a key role by either holding and escorting the tRNA or facilitating a pseudo-translocation of a tRNA-like A-site SL. Formation of the short dynamic SL in the A site may regulate ribosome pausing. In contrast to normal translation where ribosomes move by one codon at a time, during bypassing the ribosome slides over the mRNA. Similarly, ribosomes can move along the 3′ untranslated regions of eukaryotic mRNAs ([@B140],[@B141]). Ribosome sliding exploits conserved elements of the translational machinery, such as the decoding center of the ribosome and EF-G. Thus, bypassing may explain how the ribosome changes from canonical decoding to unconventional EF-G--promoted movement through noncoding regions on the mRNA and suggests several new modes of ribosome dynamics that are potentially applicable in prokaryotic and eukaryotic translation.

FUNDING {#SEC6}
=======

Deutsche Forschungsgemeinschaft \[SFB860 to M.V.R.\]; Boehringer Ingelheim Fonds (to N.K.). Funding for open access charge: Max Planck Institute for Biophysical Chemistry.

*Conflict of interest statement*. None declared.
